Background: H ϩ -PPase is a PP i -dependent proton translocase with 16 transmembrane domains embedded in a lipid bilayer. Results: The domain interaction is observed by single molecule AFM, and the force peaks are changed in the presence of substrate. Conclusion: The domains of PP i -binding sites process the conformational change during substrate binding and hydrolysis. Significance: This investigation provides significant mechanisms of the substrate binding and hydrolysis of H ϩ -PPase.
Recently, the crystal structure of H ϩ -PPase from mung bean (Vigna radiata L.) has been solved, and the overall structure showed that the H ϩ -PPase is compactly folded in a rosette manner (2, 17) . The rosette structure consists of two concentric walls with inner (TM5, -6, -11, -12, -15, and -16) and outer walls (TM1-4, -7-10, -13, and -14) (Fig. 1) . The inner wall is responsible for substrate binding and the outer wall for the structural stability and integrity of this protein. Besides the transmembrane helix, the enzyme also contains two short helices (␣2 and ␣3) on the cytosolic side and two additional helices (␣1 and ␣4) together with two anti-parallel ␤-strands (␤1 and ␤2) on the luminal side (2, 17) . According to the x-ray crystal structure, several domains are suggested to participate in subunit interaction including TM5, -12, -15, and -16 on the inner wall and TM10 and -13 on the outer wall. The substrate/IDP-binding site is a funnel-shaped pocket formed by six core TMs, and this binding cage has an unusually acidic environment that contains 12 acidic residues, three lysine residues, and one asparagine residue. In the catalytic pocket, the substrate analogy IDP is surrounded by one K ϩ and five Mg 2ϩ that are involved in substrate binding. The three-dimensional structure of H ϩ -PPase elucidates probable mechanisms for substrate hydrolysis and proton translocation of this translocase; however, the process of domain association and the dynamic movements of H ϩ -PPase upon substrate binding and hydrolysis are still unclear. We were thus prompted to investigate the mechanism of dynamic changes between domains of vacuolar H ϩ -PPase.
AFM has been used as a powerful tool to examine the protein-protein interaction, especially of the transmembrane proteins (18 -21) . AFM-based single molecule force spectroscopy (SMFS) points and unfolds the domain-domain interaction networks directly for stabilizing the structure and for investigating the function of membrane proteins under lipid bilayer conditions (22) . In SMFS, membrane proteins are unfolded stepwise at a steady pulling velocity to calculate the forces that are required to overcome energy barriers for maintaining structural segments of the protein. The sensitivity of interaction forces could be quantified to the range of piconewtons (pN), and the interaction region could be pinpointed precisely at nanometer or subnanometer resolution. Furthermore, the force-distance curves (F-Ds) measured by AFM would provide much more information on the domain-domain interaction of the proteins (23, 24) . In this study, we employed the AFM F-Ds to analyze the H ϩ -PPase aligned in an artificial lipid bilayer to determine accordingly its domain-domain interaction force. The patterns of H ϩ -PPase F-Ds were modified upon substrate binding, which suggested domains of the active site might undergo dynamic movements to bind its substrate during PP i hydrolysis.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification of His-tagged H ϩ -PPase-Cloning, expression, and purification of His-tagged H ϩ -PPase were performed as described previously with minor modifications (7) . Mung bean (V. radiata L.) H ϩ -PPase cDNA (VPP; accession number P21616) was cloned into the Escherichia coli/Saccharomyces cerevisiae shuttle vector, pYES2 (Invitrogen), and the C terminus was fused with His 6 tag (pYVH6) for purification and reconstitution (7) . The site-directed mutagenesis was carried out by the QuikChange TM method with the primers containing mutated oligonucleotides (Table 1) and then subcloned to the expression vector pYVH6 (13, 25) . The mutated nucleotides were subsequently defined and confirmed by DNA sequencing. The pYVH6 and its relative variants were transformed into the yeast host cell S. cerevisiae strain BJ2168 (MATa, prc-407, prb1-1122, pep4-3, leu2, trp1, ura3, GAL) and cultured according to previous methods (7, 12, 13) . The yeast microsomal membranes enriched in H ϩ -PPases were prepared followed by solubilization and purification with Ni 2ϩ -nitrilotriacetic acid beads as described previously (7, 12, 13, 25) .
Enzyme Assay and Protein Determination-PP i hydrolysis activity was determined by measuring the release of P i from PP i as delineated previously (7, 12, 13, 26) . The reaction medium contained 30 mM Tris/Mes (pH 8.0), 1 mM MgSO 4 , 0.5 mM NaF, 50 mM KCl, 1 mM PP i , 1.5 g/ml gramicidin D, and 20 -30 g/ml microsomal protein. For assaying purified His-tagged protein, additional 0.1% (w/v) Triton X-100 and 80 g/ml phosphatidylcholine (soybean, type IV-S, Sigma) were added to the reaction medium, and 5 g of purified protein was included. The hydrolysis of pyrophosphate is linear with respect to the concentration of H ϩ -PPase that was up to 300 g/ml and the reaction time to 10 -20 min under this condition at 37°C. After incubation, the reaction was terminated by a stop solution containing 1.7% (w/v) ammonium molybdate, 2% (w/v) SDS, and 0.02% (w/v) 1-amino-2-naphthol-4-sulfonic acid. The released P i was determined by spectrophotometer as described elsewhere (16) . The concentration of the protein was measured by 
GATAATGCAAAGGCGTACATTGAGGCTGG CCAGCCTCAATGTACGCCTTTGCATTATC
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the dye-binding method of Bradford using BSA as standard (27) .
Reconstitution of H ϩ -PPase into Lipid Bilayer-H ϩ -PPase reconstitution into artificial lipid bilayer was performed as reported previously with minor modifications (28) . In brief, the preparation of liposome phosphocholine/1,2-dioleoyl-snglycero-3-phosphocholine was mixed at a ratio of 1:1 and dissolved in the chloroform/methanol (9:1) followed by overnight vacuum to remove the organic solvent. The dry lipids were rehydrated in phosphate-buffered saline (PBS) containing 0.1% (w/v) n-dodecyl ␤-D-maltoside to final concentration of 5 mg/ml. Following sonication in a bath-type sonicator for 5 min at 4°C, the solution was freeze-thawed in liquid nitrogen for 10 cycles. Four micrograms of purified H ϩ -PPase in the buffer containing 20 mM HEPES (pH 7.2), 100 mM KCl, and 0.1% (w/v) n-dodecyl ␤-D-maltoside were mixed well with lipid and then injected into the Teflon wells. 1,2-Dioleoyl-sn-glycero-3-phosphocholine and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid) succinyl] (DOGS-NTA-Ni) were mixed at the ratio of 5:1, and the mixed lipid was dissolved in the chloroform/methanol (9:1) to a final concentration of 0.5 mg/ml. One l of the mixed lipid was therefore added to the surface of the protein buffer on Teflon wells followed by gentle stirring for 1 h using stainless steel beads. The solution was then vacuumed for 20 min to eliminate organic solvent. The detergent was removed by adding 5 mg of Bio-Beads SM2 in the well for 5-6 h and a second addition for overnight incubation at 4°C. The reconstituted H ϩ -PPase was sprayed on a freshly cleaved mica surface and then scanned with AFM.
AFM and SMFS Experiments-A commercial atomic force microscope (Nanoscope III; Digital Instruments, Santa Barbara, CA) with E type scanner and PicoForce module were used in this study (18, 19) . The gold-coated silicon nitride (Si 3 N 4 ) cantilevers (60 m long) were utilized, and the nominal spring constant and resonance frequency were 30 pN/nm and 8 kHz in water, respectively. The spring constant of the individual AFM probe was determined in the buffer solution by the equipartition theorem prior to experiments (29) . The H ϩ -PPase-enriched proteoliposomes were adsorbed onto freshly cleaved mica for 60 -90 min at room temperature in adsorption buffer containing 20 mM Tris-HCl (pH 7.2), 150 mM KCl, and 50 mM MgCl 2 . After adsorption, the mica surface was rinsed three times with adsorption buffer to remove weakly attached membranes. The substrate (PP i ), substrate analog (IDP), and product (P i ) were therefore added to final concentration of 20, 1, and 10 mM, respectively, for the following studies. Prior to SMFS, the region of membrane patch containing densely packed H ϩ -PPase was located by AFM imaging with contact mode. The force volume software takes a force curve from 999 points during a two-dimensional scan over H ϩ -PPase-enriched membrane patch. Force mapping images were measured over each 1 ϫ 1-m 2 regions.
F-D Analysis-Force mapping data were transformed to force extension curves for each subsection, and the area under the force extension curve was then calculated. The worm-like chain (WLC) fit of each force peak provided the contour length that reflected the amount of amino acids unfolded and stretched (24) . The contour lengths and the corresponding rup-ture forces obtained were statistically analyzed using IgorPro 5 built-in and custom procedures (18, 19) . The SPIP (Image Metrology ApS, Denmark) software was used for data analysis, and values of extraction force were thus determined with SigmaPlot software (SPSS, Chicago).
RESULTS

Characterization of Purified and Reconstituted H ϩ -PPases as a Dimer-
The membrane topology predicts that H ϩ -PPase from V. radiata contains 16 transmembrane domains, and the crystal structure further indicates the 16 transmembrane ␣-helix structure as shown in Fig. 1 (2, 26, 30) . H ϩ -PPase with His 6 tag at the C terminus was heterologously expressed in yeast and purified into a homogeneous form with high specific activity (7) . The recombinant protein showed similar characteristics as those directly isolated from V. radiata (7) . The purified and reconstituted state of H ϩ -PPase and its relative variants from heterologous expression on the yeast microsome were obtained and shown in SDS-PAGE and immunoblotting indicating a clear single band of highly purified protein for following studies ( Fig. 2A ). The molecular mass of yeast-expressed H ϩ -PPase is approximate 73 kDa ( Fig. 2A ). H ϩ -PPase was reconstituted into liposome using the dialysis and Bio-Beads absorption methods modified from previous works (10, 26, 28, 31, 32) . This reconstitution method aligned all the H ϩ -PPase facing toward the same orientation with comparable specific activity to that on the yeast microsomal membrane (28, 33) . Further properties of purified and reconstituted H ϩ -PPase were characterized as shown in Fig. 2B . For instance, K ϩ stimulated the enzymatic activity of purified and reconstituted H ϩ -PPase by 4.5-and 3.9fold, respectively. The sensitivities of reconstituted H ϩ -PPase to inhibitory ions, such as Na ϩ , F Ϫ , and Ca 2ϩ , were similar to those of purified H ϩ -PPase. The substrate analog imidodiphosphate (IDP) inhibited reconstituted H ϩ -PPase to a similar level as compared with its purified forms ( Fig. 2B ). It is conceivable that the properties of reconstituted H ϩ -PPase are functionally and structurally similar to its purified forms, verifying the feasibility of the following studies. The PP i hydrolysis activities of H ϩ -PPase and its relevant variants, including C74S, C715S, C124S, C132S, K250A, K261A, E268A, D269A, R441A, R523A, D527A, E606A, and K695A variants, were measured, and some of these variants maintained about 80% PP i hydrolysis activities except the K250A, K261A, E268A, D269A, R523A, D527A, E606A, and K695A variants to ϳ30% of the wild types, respectively (Fig. 2C) .
The reconstituted H ϩ -PPase liposome was then sprayed on a freshly cleaved mica surface for AFM scanning (Fig. 3A) The AFM images showed that the membrane protein H ϩ -PPase was inserted into the lipid bilayer; the H ϩ -PPase-enriched liposome was then adsorbed on a mica surface (Fig. 3B ). The membraneembedded H ϩ -PPase with the cytosolic face protruded out the lipid bilayer for AFM probe scanning. For more detail on the structural information of reconstituted H ϩ -PPase, the scale of the AFM image was zoomed to 50 ϫ 50 nm 2 , and the results suggested that the H ϩ -PPase is aligned in dimeric structure with the size of each monomer of about 4 nm in length, 2 nm in width, and 1 nm in protrusion height (Fig. 3C ). The volume of H ϩ -PPase measured by AFM is similar to that solved by x-ray crystal structure indicating that the AFM is a powerful tool for protein structure determination.
Identification of the H ϩ -PPase F-D and Its AFM Tip-binding Site-The AFM tip was used to extract the H ϩ -PPase polypeptide out of lipid bilayer (22) . In Fig. 4A , the schematics show the procession of AFM probe pulling stepwise the H ϩ -PPase out of membrane. The liposome was used as mock (null membrane without H ϩ -PPase), and the results were smooth curves shown in Fig. 4B , bottom panel. When pulling either at the N-or C-terminal end of H ϩ -PPase, unfolded H ϩ -PPase could reach to maximal lengths of F-Ds. Therefore, we analyzed merely F-Ds that corresponded to the fully stretched length of H ϩ -PPase polypeptides unfolded from the lipid bilayer. Majority (more than 80%) of these F-Ds displayed 10 F-D peaks (Fig. 4B, upper  panel) . These 10 peaks obtained individually and sequentially were the force boundaries to maintain the H ϩ -PPase structure (Fig. 4, B and C) . The stretched length and force strength of F-Ds were then fitted and calculated with worm-like chain (WLC) model (23, 34) as shown in Fig. 4C . To identify the attached site, the gold-coated AFM tip was used to form a goldsulfur bond with cysteine residue either at loop 1 or loop 15 for the maximal length extractions of F-Ds. Because only two cysteine residues (Cys 74 and Cys 715 ) were found along the C-and N-terminal region, it is conceivable that curves for a goldcoated AFM tip bound at these positions were primarily used to calculate the interaction forces. In addition, the Cys 74 and Cys 715 were further mutated to serine residues (C74S and C715S) for the F-D analysis to verify the AFM tip-binding sites (Fig. 4D ). Within ϳ15,000 F-D analyses (the number of F-Ds is 3-fold more than WT), the C74S variant obviously showed no fully stretched F-Ds, whereas the C715S variant displayed a similar frequency of fully stretched F-Ds to the wild type H ϩ -PPase (Fig. 4D ). Furthermore, the unfolding procedure was performed in the presence of 5 mM DTT to reduce the disulfide bond at Cys 124 -Cys 132 ( Fig. 4E) (2). The force peak 1 was obviously rearranged in the presence of 5 mM DTT suggesting the original force barrier contributed by the disulfide bond was declined concomitantly with a decrease in the number of force peaks to 9 peaks (Fig. 4E ). The Cys 124 and Cys 132 were further mutated to serine residues (C124S and C132S) for F-D analyses. The C124S and C132S variants generated the F-D curves with 9 peaks (Table 2) , similar to DTT-treated H ϩ -PPase (Fig. 4E) . These results demonstrated unambiguously that the Cys 124 -Cys 132 formed a disulfide bond and contributed to force peak 1 in F-D of wild type H ϩ -PPase. Taken together, the results showed that the gold-coated AFM tip anchored at the N-terminal loop of Cys 74 forming the gold-sulfur bond at this position for the following measurements.
Notwithstanding, the 10 reproducible force peaks were further fitted using the WLC model to demonstrate the contour lengths of unfolded H ϩ -PPase polypeptide stretches. The length of the 10 force peaks occurred at the positions of 13 Ϯ 2, 29 Ϯ 3, 51 Ϯ 3, 66 Ϯ 4, 83 Ϯ 3, 103 Ϯ 2, 111 Ϯ 4, 126 Ϯ 4, 148 Ϯ 4, and 174 Ϯ 3 nm, respectively ( Fig. 5A and Table 3 ). Because the AFM tip-binding site was located at Cys 74 , the relative positions of these 10 force boundaries were therefore calculated at 121 Ϯ 8, 177 Ϯ 11, 259 Ϯ 11, 312 Ϯ 14, 375 Ϯ 11, 446 Ϯ 8, 475 Ϯ 14, 527 Ϯ 14, 607 Ϯ 14, and 699 Ϯ 11 amino acids (aa), respectively. These force boundaries were assigned at loop2 (113-129 aa), TM3-4 (166 -188 aa), TM5-loop5 (248 -270 aa), TM6 -7 (298 -326 aa), TM8 (364 -386 aa), loop9-TM10 (432-454 aa), TM10 -11 (461-489 aa), TM11-12 (513-541 aa), TM13-loop13 (593-621 aa), and TM15-loop15 (688 -710 aa) according to the relative extraction length, respectively. The force strengths of these force boundaries were calculated as 91 Ϯ 7, 102 Ϯ 5, 131 Ϯ 11, 163 Ϯ 6, 181 Ϯ 6, 174 Ϯ 9, 176 Ϯ 3, 203 Ϯ 12, 154 Ϯ 9, and 220 Ϯ 7 pN, respectively ( Fig. 5A and Table 3 ). To identify the force boundaries of H ϩ -PPase provoking these force peaks, the residues presumably for salt bridges such as Lys 261 , Glu 268 , Asp 269 , Arg 441 , Arg 523 , Asp 527 , and Glu 606 , were changed to Ala residues, respectively. These variants were used for F-D analysis, and their force strengths are shown in Table 4 . For example, interaction force of K261A, E268A, D269A, and R523A variants at force peak 3 were 84 Ϯ 9, 92 Ϯ 6, 87 Ϯ 9, and 72 Ϯ 9 pN, respectively ( Table 4 ). In addition, force strength of R441A and E606A variants at force peak 6 were 92 Ϯ 5 and 104 Ϯ 7 pN, respectively. Moreover, the force strength of D527A and K695A variants were 103 Ϯ 7 and 97 Ϯ 6 pN, at force peaks 8 as well as 151 Ϯ 11 and 114 Ϯ 12 pN at force peaks 10, respectively. In sum, the force strength was reduced when replacing the relative salt bridge formation residues to Ala.
However, several F-Ds (ϳ20% of total F-Ds) showed eight force peaks ( Fig. 5B ) and the relative positions of these eight boundaries were calculated accordingly at 123 Ϯ 10, 175 Ϯ 12, 259 Ϯ 12, 315 Ϯ 8, 374 Ϯ 12, 445 Ϯ 11, 478 Ϯ 9, 704 Ϯ 10 aa, respectively ( Fig. 5B and Table 5 ). This set of force peaks lacking the force boundaries at force peaks 8 (TM11-12) and 9 (TM13-loop13) as compared with the 10 force boundaries mentioned above indicated that the two forces were presumably responsible for subunit interaction of the dimeric H ϩ -PPase (2) . The relative positions of the 8 forces showed similar locations in comparison with the force peaks extracted from dimeric H ϩ -PPase ( Fig. 5A and Table 3 ). Therefore, the remaining subunit embedded in the lipid bilayer was extracted by AFM tip lacking the two force boundaries.
F-Ds of H ϩ -PPase in Substrate-hydrolyzing Cycle-The substrate binding pocket consisted of TM5, -6, -11, -12, -15, and -16 and forms the inner wall of H ϩ -PPase, and several residues contributed hydrogen bonds or salt bridges with the IDP molecule as shown in the crystal structure (2) . The substrate-induced conformational changes of H ϩ -PPase were described previously (2, 7, 26) , and the precise movements of the active 
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site were further identified by AFM F-Ds. In the presence of substrate PP i , the substrate was bound and hydrolyzed by H ϩ -PPase in the catalytic cycle (2, 17). During PP i hydrolysis and proton translocation, the substrates bind to the inner wall of H ϩ -PPase developing the catalytic conformation for enzymatic activity. The substrates could be hydrolyzed during the F-D process, and a relatively high concentration of PP i could also inhibit the enzymatic activity (1). Therefore, 20 mM PP i was used in the measurement of F-Ds of H ϩ -PPase to maintain the H ϩ -PPase⅐substrate complex during the F-D procedure. From the statistical analysis, the numbers of force peaks were reduced to 8 curves as compare with the control state (Fig. 5C) Table 3 ). The force peaks 3 and 4 were obviously rearranged, and the force boundary shifted to loop5-TM6. The force peak 5 was reduced indicating the PP i binding lessened force boundaries (Fig. 5C ). The substrate binding of H ϩ -PPase induced conformational changes of the active sites and the force boundaries rearrangements.
In the pulling of H ϩ -PPase out of membrane, 10 mM P i was present in the chamber and the F-Ds were detected under the same condition. The number of H ϩ -PPase force peaks was consequently restored to 10, similar to those of the control state (Fig. 5D) 5D and Table 3 ).
F-Ds of H ϩ -PPase were altered as well in the presence of the substrate analog IDP as compared with control state (Fig. 5E ). The numbers of force peaks were thus reduced to 7 curves (Fig.  5E ). In the presence of IDP, the new rearrangement force boundary was shifted to 281 Ϯ 14 aa, the position between force peaks 3 (259 Ϯ 11 aa) and 4 (312 Ϯ 14 aa) in control state with a concomitant increase in force strength to 223 Ϯ 9 pN (Table  3) . Nevertheless, the force peaks 5 and 6 were decreased to basal level (Fig. 5E ). In the presence of IDP, the positions of force peaks 7-10 occurred at similar positions as compared with control state. In contrast, the force strength of force peaks 7-10 were correspondingly increased to 227 Ϯ 11, 220 Ϯ 10, 176 Ϯ 9, and 239 Ϯ 8 pN, respectively (Table 3) . For further identification of F-Ds in the substrate-hydrolyzing cycle, the residues involved in substrate binding, including Lys 250 and Lys 695 , were substituted to Ala residue, and the F-Ds were measured ( Table  4 ). The number of force peaks in these variants was similar to WT. In the presence of IDP, the number of WT H ϩ -PPase F-Ds were reduced to 7 as compared with the control state. The numbers of F-Ds in K261A, E268A, D269A, R441A, R523A, D527A, and E606A variants were the same as that of WT in the presence of IDP. However, the force peaks numbers of K250A and K695A variants were altered to 8 with the original force peaks 3 and 4 separated individually as compared with WT in the presence of IDP. This result provided additional evidence for the substrate-induced changes in the domain interaction of H ϩ -PPase. Furthermore, in the presence of PP i , the peak numbers of K261A, E268A, D269A, R441A, R523A, D527A, and E606A variants were the same as that of WT, whereas in K250A and K695A variants, the peak numbers were restored to 9, respectively. However, in the presence of P i , the peak numbers of K250A and K695A variants were restored to 10, similar to WT H ϩ -PPase in the presence of product, P i (Table 4) . The reconstituted H ϩ -PPase was transferred to freshly cleaved mica surface and then scanned by AFM. The lipid membrane was sprayed on the mica surface and H ϩ -PPase protein particle was embedded in the membrane as the dimeric structure observed by AFM. C, high resolution images of H ϩ -PPase dimeric structure. The size of each subunit is ϳ4 nm in length, ϳ2 nm in width, and ϳ1 nm in height, and the left panel is in two-dimensional view, and the right panel is in three-dimensional view. 
TABLE 2 The force strength of 10 force peaks under F-D analysis of different H ؉ -PPase variants relative to AFM tip-binding residues and disulfide-bound formation
The dash indicates those not detectable on the AFM F-Ds.
Strength (pN)
Force 1 Domains Interaction of H ؉ -PPase FIGURE 5 . Substrate-induced changes in transmembrane domain interaction of H ؉ -PPase. Histograms showing the number of events at which contour lengths were fitted to the force peaks in F-D curves that recorded at different conditions. The F-Ds of H ϩ -PPase were analyzed under different conditions, including control condition, substrate PP i , product P i , and substrate analog (IDP). The force peaks were detected in the F-Ds, and the probability of force peaks generated was plotted versus the length of the stretched polypeptide. A, frequencies of 80% force peaks occur in substrate-free medium. B, frequencies of 20% force peaks occur in substrate-free medium. C-E, frequencies of force peaks occur in the presence of substrate PP i , products P i , and substrate analog IDP, respectively.
DISCUSSION
In previous reports, radiation inactivation revealed that the functional size of H ϩ -PPase was dimeric, followed by subsequent confirmation using size exclusion chromatography and x-ray crystallography (Fig. 2D) (2, 8, 9, 17) . Using AFM, we have visualized here the image of a single molecule H ϩ -PPase in a lipid membrane. In addition, SMFS was utilized to unfold the H ϩ -PPase from the lipid bilayer. The fully stretched F-Ds extracted by AFM probe was selected for full extraction polypeptide of H ϩ -PPase out of the membrane. The gold-coated AFM probe was then employed to identify the tip-binding site at cysteine residues of the membrane-embedded H ϩ -PPase. With the fully stretched polypeptide and gold-coated AFM tip, the AFM tip-binding site might be referred to locate at the cysteine residues (Cys 74 and Cys 715 ) of the N-or C-terminal loops (loop 1 or loop 15). The F-D analysis of C74S and C715S variants indicated that Cys 74 is the residue of the gold-coated AFM tip to H ϩ -PPase (Fig. 4D ). Moreover, DTT was used to verify the tip-binding site, and the F-Ds of H ϩ -PPase were consequently altered at first force peak indicating the disulfide bond at Cys 124 -Cys 132 was conceivably reduced. Furthermore, the original peak 1 in wild type H ϩ -PPase was declined in C124S and C132S variants ( Table 2) . Therefore, the AFM probe was identified to attach the N-terminal loop (loop 1) at the Cys 74 residue. Two explanations might elucidate this phenomenon. First, the N-terminal loop is the longest loop at the cytoplasm that provides a higher opportunity to interact with the AFM probe. Second, the N-terminal loop is a random coil structure with high flexibility that is hard to detect by x-ray crystallography (2) . The higher flexibility of the loop promoted a better opportunity to interact with the AFM probe. Therefore, the gold-coated AFM probe was used to specifically anchor the N-terminal loop at Cys 74 . In the control state, the F-Ds of the H ϩ -PPase showed 10 force peaks contributed by several force boundaries along the transmembrane domains. These force boundaries might come from the protein-protein and/or protein-lipid interactions, such as salt bridges, hydrogen bonds, and hydrophobic interactions between TMs (21, 24, 34) . The gold-coated AFM probe bound presumably to the Cys 74 residue of H ϩ -PPase and extracted the polypeptide out of the membrane. The first energy barrier to unfold the H ϩ -PPase might come from the disulfide bond of Cys 124 -Cys 132 at loop 2 forming force peak 1 ( Table 2 ). Furthermore, it is possible the Lys 261 at TM5 formed a salt bridge network with TM6, TM12, and TM15, although Asp 269 at TM6 linked to Arg 523 at TM12, with both working together to contribute the force peak 3 (2) . The F-D analysis revealed that K261A, E268A, D269A, and R523A variants yielded similar force strengths with WT H ϩ -PPase except for the force peak 3 ( Table 4 ). The interaction force of peak 3 in K261A, E268A, D269A, and R523A variants was decreased to 64.1, 70.2, 66.4, and 54.9%, respectively, as compared with WT. In addition, the force strength of peak 6 for R441A and E606A variants was reduced to 52.9 and 59.7% of WT, respectively (Table 4 ). Therefore, the results further confirmed the salt bridges from the subunit-subunit interaction at the position of Arg 441 -Glu 606 and caused force peak 6. Moreover, the force strength of D527A and K695A variants declined to 50.7 and 47.8% of WT at force peak 8, and to 68.6 and 51.8% of WT at force peak 10 (Table 4 ). Thus, it was believed that the Glu 527 on TM12 interacting with the Lys 695 on TM15 probably generates the force peak 8 and 10 (Table 6 ). Furthermore, the hydrophobic interactions between two subunits are accountable to force peaks 7-10, respectively (Table 6 ). Besides the interaction forces, the secondary structure on loop 6 and 8 answered the force peaks 4 and 5, respectively, and these structures created the energy barriers when unfolding the H ϩ -PPase by AFM force spectroscopy (35) . Notwithstanding, we cannot exclude the possibility that other residues might contribute the force boundaries upon modification of the H ϩ -PPase by AFM probe. Nevertheless, it is conceivable that these interaction forces or the structural barriers stabilize the H ϩ -PPase embedded in lipid bilayer and made up the force boundaries when the H ϩ -PPase was unfolded by AFM.
In the presence of the substrate analog, IDP, the F-Ds were altered indicating IDP induced changes in transmembrane domain interactions. These results were consistent with previous reports that the substrate-binding sites were located at loop 5 between TM5 and TM6 (1, 23, 26) . The binding of IDP tuned the conformational change of H ϩ -PPase to reduce the domain interaction of force peaks 5 and 6, respectively (Fig. 5E ). In addition, the force peak 3 was diminished in the presence of IDP revealing the binding of IDP induced the conformational change with associated modification at the force boundaries of TM5 and -6. Further identification of the IDP binding altered the number of force peaks, and K250A and K695A variants were restored the force peaks 3 and 4 as the WT. However, the abolished force peaks 5 and 6 could not be recovered from the two variants in the presence of IDP (Table 4 ). In contrast to IDP, PP i is the natural substrate of H ϩ -PPase that could be hydrolyzed thus releasing the force boundaries of TM5 and -6, whereas the IDP, an unhydrolyzable substrate analog, binds strongly with the H ϩ -PPase for consequent conformational changes of TM8 (force peak 5). Therefore, IDP might induce a state for H ϩ -PPase to accommodate the substrate analog without further hydrolysis. In the last step of PP i hydrolysis, the product, P i , was bound to the H ϩ -PPase before releasing (2, 17) . The F-Ds of H ϩ -PPase in the presence of P i indicated the similar pattern with the control state that contained 10 force peaks (Fig. 5D ). These results showed that the P i bound to H ϩ -PPase retained a conformation similar to the control state (2, 17). In summary, a working model was proposed to elucidate the domain interactions of H ϩ -PPase during the substrate hydrolysis according to the results mentioned above (Fig. 6 ). These conformational changes of H ϩ -PPase provided more precise PP i hydrolysis mechanisms of H ϩ -PPase at different states (2, 17) . The numbers of the force peaks were 10, 8, and 10 at R, I, and T states, respectively. This is the first study to identify the domain interactions of H ϩ -PPase by smAFM and suggests that the force boundaries from salt bridges, hydrogen bonds, hydrophobic interactions, and special structures provoked force boundaries in F-D curves. Moreover, dynamic movements of H ϩ -PPase induced by the substrate PP i , substrate analog IDP, and product P i were therefore identified by smAFM F-Ds. This study presents more detailed information on structure dynamics and the enzymatic mechanisms of H ϩ -PPase.
